ABSTRACT The yolk sac and small intestine are 2 important organs responsible for the digestion and absorption of nutrients in chickens during the embryonic and posthatch periods, respectively. The peptide transporter PepT1 is expressed in both the yolk sac and small intestine and plays an important role in the transport of amino acids as short peptides. The objective of this study was to profile the spatial transcriptional patterns of PepT1 mRNA in the yolk sac and small intestine from embryonic and posthatch broilers. The distribution of PepT1 mRNA was investigated by in situ hybridization at embryonic (e) d 11, 13, 15, 17, 19 and day of hatch (doh) in the yolk sac and at e19, doh, and d 1, d 4, and d 7 posthatch in the small intestine. PepT1 mRNA was expressed in the endodermal cells of the yolk sac. PepT1 mRNA was barely detectable at e11, increased from e11 to e13, e15, and e17, and then gradually decreased from e19 to doh. In the small intestine, there was a rapid increase in expression of PepT1 mRNA in the enterocytes from e19 to doh, with expression relatively constant from d 1 to d 7. In addition, there was a differential increase in the heights of the villi in different parts of the small intestine from d 1 to 7, which may partially explain the temporal increase in PepT1 mRNA detected by qPCR. The villi in the duodenum showed the earliest increase in villus height and ultimately resulted in the highest villi at d 7. These results demonstrate that there are temporal changes in PepT1 mRNA expression in the yolk sac and the small intestine, which correspond with their expected role in nutrient uptake during the embryonic and posthatch periods.
INTRODUCTION
The chick derives its nutrients from the yolk during embryogenesis and at hatch transitions to acquire nutrients from feed in the intestine. Both the yolk sac (YS), which surrounds the yolk, and the intestine contain absorptive cells that are important for the uptake of nutrients, such as amino acids, peptides, fats, and monosaccharides (Moran, 2007) . Efficient uptake of nutrients is important to optimize growth and development of the embryonic and posthatch chick.
In wk 1 of chick embryonic development, endodermal epithelial cells (EECs) advance from the gut of the embryo and gradually spread over the surface of the yolk forming the YS; thus the intestine and YS form a contiguous membrane (Mobbs and McMillan, 1979) . These EECs, which are directly in contact with the yolk contents, are responsible for absorbing nutrients to be transported to the blood circulation for the chick embryo (Mobbs and McMillan, 1981; Noble and C Cocchi, 1990 ). The YS is not just a membrane that surrounds the yolk but is a multifunctional organ that provides the function of organs that have not yet developed. For example, the YS serves as the bone marrow in synthesis of blood cells, the intestine in digestion and transport of nutrients and lipids, the liver in production of plasma carrier proteins and carbohydrates, and the immune system in production of antimicrobial peptides Yadgary et al., 2014) . Many digestive enzymes and nutrient transporters normally associated with the intestine are differentially expressed in the YS (Yadgary et al., 2011 (Yadgary et al., , 2014 Speier et al., 2012) .
During the last days of embryogenesis, the chick embryo swallows some of the amniotic fluid, which provides nutrients to be digested and absorbed by cells lining the developing intestine (Uni and Ferket, 2004) . During this time, there is upregulation of digestive enzymes and nutrient transporter mRNA in the embryonic small intestine (Uni and Ferket, 2004; Gilbert et al., 2007; Li et al., 2008; Speier et al., 2012; Zwarycz and Wong, 2013) . After hatch, the small intestine continues to increase in size and develop its characteristic morphological structure (Sklan and Noy, 2000; Noy et al., 2001 ).
Peptide transporter 1 (PepT1) is a low affinity, high capacity, proton-coupled transporter of di-and tripeptides and plays an important role in the uptake of amino acids (Adibi, 2003; Gilbert et al., 2008; Spanier, 2014; Daniel and Zietek, 2015) . In chickens, PepT1 mRNA showed the greatest expression in the small intestine compared to other tissues (Zwarycz and Wong, 2013) . Within the small intestine, PepT1 mRNA was expressed greater in the duodenum compared to the jejunum and ileum (Gilbert et al., 2007) . PepT1 showed temporal changes in gene expression with an increase from embryonic d 19 (e19) to posthatch (Gilbert et al., 2007; Li et al., 2008; Speier et al., 2012; Yadgary and Uni, 2012) . PepT1 also showed temporal-specific expression in the YS with a rapid rise from e11 to e15 and then a gradual decline from e15 to day of hatch (doh) (Speier et al., 2012; Yadgary et al., 2011) .
To date, all of these studies profiling PepT1 mRNA expression in the YS and intestine of chickens have used qPCR. The localization of PepT1 mRNA expression in intestinal cells has not been determined in chicken. Thus, the objectives of this study were to determine temporal and spatial changes in PepT1 mRNA expression by in situ hybridization in the YS from e11 to doh and in the intestine from e19 to d 7 posthatch.
MATERIALS AND METHODS

Animals and Tissue Collection and Processing
Commercial broiler (Cobb 500) eggs were transferred from the hatchery (Longenecker's Hatchery Inc., Elizabethtown, PA) to Virginia Tech and placed into incubators (OVA-Easy Advanced, Brinsea, Titusville, FL). One hundred eggs were incubated at 38
• C and 36% relative humidity. The eggs were automatically turned once every 2 h. Unfertile eggs were removed by candling at e10. The posthatch chickens were provided ad libitum access to feed and water. The feed was a standard cornsoybean based starter diet that contained 22% protein and met NRC recommendations.
Embryonic and posthatch chicks were killed by cervical dislocation. All animal procedures were approved by the Institutional Animal Care and Use Committee at Virginia Tech. The area vasculosa of the YS was separated and cut into 2-to 3-cm 2 pieces after completely washing away the yolk contents in sterile 1X phosphatebuffered saline (PBS) on e11, e13, e15, e17, e19, and doh. The small intestine was collected on e19, doh, and d 1, d 4, and d 7 posthatch and separated into duodenum, jejunum, and ileum. The middle part of each intestinal segment was collected and cut into 1-to 1.5-cm-long pieces, rinsed in 1X PBS, and then cleaned of mesentery. Both YS and the small intestinal segments were dissected on ice-cold metal trays and placed within 5 min into phosphate buffered 4% paraformaldehyde for 24 h. The tissues were stored in 70% ethanol at 4
• C for 24 to 36 h after fixation and then sent to HistoScientific Research Labs Inc. (Mount Jackson, VA) for embedding in paraffin. The paraffin blocks were cut into 4-to 6-μm sections with a microtome (Microm HM 355S, Thermo-Fisher Scientific, Waltham, MA) and stored at room temperature.
In situ Hybridization Analysis
In situ hybridization (ISH) was performed using the RNAscope method (Advanced Cell Diagnostics, ACD, Newark, CA) described by Wang et al. (2012) . Intestinal and yolk sac tissues were collected from 3 different chickens at each time point. A set of probes for chicken PepT1 were custom synthesized by ACD. The tissue samples were processed according to the manufacturer's directions using the HybEZ oven and RNAscope 2.5 HD Detection reagent kits. All YS and small intestinal samples were pretreated and hybridized as a group to minimize variation. The red and brown chromogens were used for detection of PepT1 mRNA in the YS and intestine, respectively. We found that use of the red chromogen for the YS and the brown chromogen for the intestine was optimal for visualization. Following RNAscope processing, the slides were stained with a 50% Gill #2 hematoxylin solution (Sigma Aldrich, St. Louis, MO), rinsed in water, and then placed in 0.02% ammonia water. After the slides were air dried, a drop of Clear Mount solution (American Master Tech Scientific, Inc, Lodi, CA) was added, and then a coverslip was placed on top. Images were captured at various magnifications with a Nikon Eclipse 80i microscope and DS-Ri1 digital camera.
Measurement of Villus Height and Statistical Analysis
The intestinal villus height was measured from the top of the intestinal crypt to the tip of the villus after ISH using Infinity Analyze imaging software (Lumenera Corporation, Ottawa, Ontario). Ten structurally intact villi were randomly chosen to measure the villus height in the duodenum, jejunum, and ileum from e19 to d 7. All data were analyzed by t-test and further compared by Tukey's test using JMP Statistical Discovery Software v10.0 (SAS Institute Inc., Cary, NC).
RESULTS
In order to assess embryo growth during incubation, the yolk-free body weights of embryos were measured (Table 1) . There was an increase in body weight of the embryos for each of the time points compared to the previous time point, which demonstrated that there was normal embryonic growth.
In situ hybridization was performed to study the spatial distribution of PepT1 mRNA expression in the YS and small intestine. Three replicates were analyzed for both the YS and small intestine at each time point. Because the replicates showed a similar pattern of hybridization, only representative images of the YS at e11, e13, e15, e17, e19, and doh are shown in Figure 1 . PepT1 mRNA (red chromogen) was barely detectable at e11, but was expressed strongly at e13, e15, and e17. At e19, there was decreased expression of PepT1 mRNA, and by doh, expression was again barely detectable. Expression of PepT1 mRNA in the YS was localized to the small cytoplasmic region of the epithelial cells that surrounds the large lipid drop.
Images of PepT1 mRNA expression in the duodenum, jejunum, and ileum at e19, doh and d 1, d 4, and d 7 posthatch are shown in Figure 2 . At e19, PepT1 mRNA was barely detectable in the small intestine. At doh, d 1, d 4, and d 7, there was strong expression of PepT1 mRNA in all 3 segments of the small intestine. At doh and d 1, cells expressing PepT1 mRNA were localized from part way up the intestinal villi to the tip of the villi in the duodenum and jejunum. However, at d 4 and d 7, PepT1 mRNA was detected in cells right above the crypts but was only lightly if at all expressed at the villus tips. The spatial distribution of PepT1 mRNA in the ileum was consistently localized in cells part way up the villi to the tip of the villi from doh to d 7. Qualitatively, there was more intense staining for PepT1 mRNA in the duodenum compared to the jejunum and ileum within a sampling day. There was no staining for PepT1 mRNA in the intestinal crypts.
The heights of the villi in the duodenum, jejunum, and ileum varied with age from e19 to d 7 (Fig. 3) . In the duodenum villus height increased from e19 to d 7 and from doh to d 7 in the jejunum, with each time point greater than the previous time point. In the ileum, villus height was greater at d 7 than d 4, which was greater than d 1. At e19, there was no difference between villus height in the 3 intestinal segments. At doh, villus height in duodenum was greater than in the jejunum and ileum. From d 1 to d 7, the villi heights were different for the duodenum, jejunum, and ileum.
DISCUSSION
In this study, ISH was used to determine the profile of PepT1 mRNA expression in the chicken YS during embryogenesis and the small intestine during the late embryonic and early posthatch periods. The advantage of using ISH to profile gene expression compared to qPCR is the ability to identify specific cells expressing PepT1 mRNA. As expected, although not previously shown for chicken, PepT1 mRNA was localized to a population of absorptive epithelial cells in contact with the yolk in the YS and in contact with the lumen along the intestinal villi.
Our results showed that there were temporal changes in the expression of PepT1 mRNA in the YS. McMillan (1979, 1981) showed that endodermal epithelia in the area vasculosa of the YS were packed with lipid drops. We found staining for PepT1 mRNA localized in the small amount of cytoplasm on the basal side of these epithelial cells. PepT1 mRNA was highly expressed in the YS from e13 to e17, which was the same as the results from qPCR analysis (Yadgary et al., 2011; Speier et al., 2012) . The YS also expressed peptidases and a number of amino acid transporters in development-specific patterns (Yadgary et al., 2011 (Yadgary et al., , 2014 Speier et al., 2012) .
During the period between e13 and e17, Yadgary et al. (2010) showed that the weight of the yolk sac (denoted as the yolk sac membrane, YSM) increased by approximately 50% and then declined after e17. In addition, embryo weight increased 2.7-to 2.9-fold from e13 to e17, depending upon the age of the hen flock. We observed a similar 3.1-fold increase in embryo weight from e13 to e17. Thus, the uptake of amino acids by PepT1 and other amino acid transporters contributed to the increase in weight of the YS as well as the embryo. Yadgary et al. (2010) did not observe a decrease in the protein content of the yolk during this time and attributed this to the influx of proteins into the yolk from other egg compartments such as the albumen or the amnion.
In the small intestine, PepT1 mRNA was expressed in a tissue-and development-specific manner. A number of specialized cells line the villi including absorptive enterocytes and secretory goblet, Paneth, and enteroendocrine cells, while the stem cells reside in the crypts (Carulli et al., 2014) . In our study, staining for PepT1 mRNA was localized to the absorptive enterocytes along the villi and was not observed in the intestinal crypts, which are the presumed sites for stem cells. PepT1 mRNA, detected by ISH, was low at e19 in each part of the small intestine and was upregulated at doh. These results are consistent with the qPCR results that showed a rapid rise of PepT1 mRNA in the intestine between e19 and doh (Gilbert et al., 2007; Speier et al., 2012; Zwarycz and Wong, 2013) .
Abundance of PepT1 mRNA posthatch, as quantified by qPCR showed an increase from doh to d 14 or d 21 (Gilbert et al., 2007; Miska et al., 2015) . For our ISH results, it is more difficult to quantify expression based on staining intensity. No clear differences in staining intensity of the absorptive cells along the villi were observed between doh and d 7. Because the lengths of the villi increased with age in the duodenum, jejunum, and ileum from d 1 to d 7, this likely contributed to the increase in PepT1 mRNA abundance assayed by qPCR. The difference in villus height between the 3 intestinal segments was consistent with previous reports Yamauchi, 2002) . In addition, we found that the timing of the increase in villus height was different for each intestinal segment. The villus height of the duodenum increased significantly from e19 to d 7. However, the jejunal villus height increased starting from doh, and the ileum increased starting from d 1. This result was similar to the change in the height of the small intestinal villi reported by Uni et al. (1999) .
Differences in the pattern of PepT1 mRNA expression between the intestinal segments from doh to d 7 were observed. At doh and d 1, epithelial cells expressing PepT1 mRNA were present from the tip of the villus to part way down the villus. This was especially evident in the duodenum, where the duodenal villi were longer than the jejunal and ileal villi. The non-PepT1 expressing cells above the crypts likely represent transit-amplifying (TA) cells. TA cells are a population of progenitor cells that arise from stem cells and differentiate into absorptive and secretory cells (Carulli et al., 2014) . These proliferating cells likely contribute to the rapid growth of the villi during the early posthatch period. Because the TA cells have not started differentiating, they do not express PepT1 mRNA characteristic of an absorptive enterocyte. At d 4 and d 7, PepT1 expressing enterocytes were detected just above the crypt, which suggested that there were fewer TA cells that had not initiated a differentiation program.
One intriguing finding was the lack of PepT1 expressing cells at the tips of the villi in the duodenum and jejunum at d 4 and d 7. Gavrieli et al. (1992) showed that in the rodent small intestine, cells located at the tips of the villi were found to degrade and shed into the intestinal lumen during the normal process of villus growth and renewal. Our ISH results indicated that the cells at the tip of the duodenum and ileum may no longer be functional absorptive cells, although it is possible that PepT1 protein may still be present and functional in the brush border membrane even in the absence of PepT1 mRNA. In the ileum at d 4 and d 7, expression of PepT1 mRNA was still found in the cells at the tip of the villi. The difference in PepT1 mRNA expression in the cells at the tip of the villus in the duodenum and jejunum versus the ileum cannot be attributed to simply the height of the villi. Although we observed that the duodenal and jejunal villi were approximately 2-to 2.5-fold higher than the ileal villi at d 7, Geyra et al. (2001) showed that the migration rates of enterocytes along the duodenum and jejunum were approximately 3-fold faster than that of enterocytes along the ileum. Thus, the transit time for enterocytes to migrate from the crypt to the tip of the villus would be approximately the same in the duodenum, jejunum, and ileum. Uni et al. (2000) determined by BrdU labeling that the transit time for enterocytes from crypt to villus tip was 72 h in 2-day-old chickens.
In summary, we found that expression of PepT1 mRNA in the absorptive cells of the YS peaked between e13 and e17. In the intestine, PepT1 rapidly increased between e19 and doh. There were differences in the spatial distribution of the enterocytes expressing PepT1 in the villi. In the duodenum and jejunum at doh and d 1, enterocytes expressing PepT1 mRNA were located from the tip of the villus to part way down the villi. Cells in the crypt and adjacent to the crypt did not express PepT1 mRNA, which presumably are stem cells and TA cells, respectively. At d 4 and d 7, enterocytes in the duodenum and jejunum that express PepT1 mRNA were present along the length of the villi with the exception of the tip, which suggested that the cells in the process of being sloughed off may no longer be functional intestinal enterocytes. These studies provide a more detailed profile of the ontogeny of PepT1-expressing absorptive cells in the chicken small intestine and YS.
